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The Xist long noncoding RNA orchestrates X chromosome inactivation, a process that entails chromosome-wide silencing and remodeling of the three-dimensional (3D) structure of the X chromosome. Yet, it remains unclear whether these changes in nuclear structure are mediated by Xist and whether they are required for silencing. Here, we show that Xist directly interacts with the Lamin B receptor, an integral component of the nuclear lamina, and that this interaction is required for Xist-mediated silencing by recruiting the inactive X to the nuclear lamina and by doing so enables Xist to spread to actively transcribed genes across the X. Our results demonstrate that lamina recruitment changes the 3D structure of DNA, enabling Xist and its silencing proteins to spread across the X to silence transcription.
T he Xist long noncoding RNA (lncRNA) initiates X chromosome inactivation (XCI), a process that entails chromosome-wide transcriptional silencing (1) and large-scale remodeling of the three-dimensional (3D) structure of the X chromosome (2-4), by spreading across the future inactive X chromosome and excluding RNA polymerase II (PolII) (1, 5) . Xist initially localizes to genomic DNA regions on the X chromosome that are not actively transcribed (6) (7) (8) , before spreading to actively transcribed genes (7-9). Deletion of a highly conserved region of Xist that is required for transcriptional silencing, called the A-repeat (10), leads to a defect in Xist spreading (7) and spatial exclusion of active genes from the Xist-coated nuclear compartment (9) . Whether these structural changes are required for, or merely a consequence of, transcriptional silencing mediated by the A-repeat of Xist remains unclear (7, 9) . Recently, we and others identified by means of mass spectrometry the proteins that interact with Xist (11) (12) (13) . One of these proteins is the Lamin B receptor (LBR) (11, 13) , a transmembrane protein that is anchored in the inner nuclear membrane, binds to Lamin B, and is required for anchoring chromatin to the nuclear lamina (14)-a nuclear compartment that helps shape the 3D structure of DNA (15) and is enriched for silencing proteins (14, 16) . Because induction of XCI leads to recruitment of the inactive X-chromosome to the nuclear lamina (4), we hypothesized that the Xist-LBR interaction might be required to shape nuclear structure and regulate gene expression during XCI.
To test this, we knocked down LBR and measured the expression of five X chromosome genes and two autosomal genes before and after Xist induction (supplementary materials, materials and methods, note 1). Knockdown of LBR led to a defect in Xist-mediated silencing of these X chromosome genes but showed no effect on autosomal genes (Fig. 1A and figs. S1 and S2). We observed a similar silencing defect upon knockdown or knockout of LBR in differentiating female embryonic stem cells ( fig. S3 and note 2). This silencing defect is not merely caused by disruption of the nuclear lamina because knockdown of Lamin B1 or Emerin, additional components of the nuclear lamina (14) , had no effect on Xist-mediated silencing (Fig. 1A  and fig. S4 ).
We hypothesized that the arginine-serine (RS) motif of LBR might be required for interacting with Xist ( fig. S4A and (Fig. 1B) and was able to rescue the silencing defect upon knockdown of LBR (Fig. 1C , figs. S1B and S6, and note 4). To ensure that DRS-LBR fails to silence X chromosome genes because of its RNA binding ability, we fused three copies of the viral BoxB RNA aptamer, which binds tightly to the viral lN coat protein (17) , to the 3′ end of the endogenous Xist RNA (Xist-BoxB) ( fig. S7) . Expression of DRS-LBR-lN in Xist-BoxB cells rescued the silencing defect observed upon LBR knockdown (Fig. 1D) . Together, these results demonstrate that the Xist-LBR interaction is required for Xist-mediated transcriptional silencing.
We identified three discrete LBR binding sites (LBSs) that are spread across >10,000 nucleotides of the Xist RNA ( Fig. 2A and materials and methods, note 5). One LBR binding site (LBS-1) overlaps the~900 nucleotide region of Xist required for silencing (DA-repeat region) ( Fig. 2A ) (10) . We tested LBR binding within a DA-repeat cell line (10) and found that LBR binding is disrupted across the entire Xist RNA (Fig. 2B ), including the LBR binding sites that do not overlap the DA-repeat region ( fig. S8 ). Because the Xistbinding protein SMRT/HDAC1-associated repressor protein (SHARP, also called Spen) also binds within the DA-repeat region ( Fig. 2A) (12, 18) and its binding is also disrupted in DA-Xist ( Fig.  2B ) (12), we generated a mutant Xist that precisely deletes a region within the LBR binding site that is not within the SHARP binding site (DLBS-Xist) ( Fig. 2A) . In DLBS-Xist, LBR binding was lost across the entire Xist RNA without affecting SHARP binding ( Fig. 2B and fig. S8 ). DLBSXist fails to silence X chromosome transcription to a similar level, as observed in the DA-Xist (Fig.  2C , figs. S1 and S9, and notes 6 and 7).
To ensure that the observed silencing defect in DLBS-Xist cells is due to LBR-binding alone and not disruption of another unknown protein interaction, we tested whether we could rescue the observed silencing defect by reestablishing the DLBS-LBR interaction. To do this, we generated an endogenous DLBS-BoxB Xist RNA (materials and methods) and confirmed that expression of LBR-lN, but not LBR fused to a different RNA-binding domain (MS2-coat protein) (19) , was able to rescue the silencing defect observed in DLBS-BoxB cells (Fig. 2D, fig. S10 , and materials and methods). In contrast, expression of other silencing proteins fused to lN, such as SHARP and embryonic ectoderm development (EED), did not rescue the observed silencing defect (Fig.  2D and fig. S11 ), demonstrating that the LBRbinding site that overlaps the DA-repeat region of Xist is required for silencing.
We hypothesized that the Xist-LBR interaction might be required for recruiting the inactive X chromosome to the nuclear lamina (4) . To test this, we measured the distance between the Xistcoated nuclear compartment and Lamin B1 in the nucleus using RNA fluorescence in situ hybridization (FISH), X chromosome paint, and immunofluorescence (fig. S12A and materials and methods). Upon Xist induction in wild-type cells, we found that the Xist compartment overlaps Lamin B1 signal (~90% of cells) (Fig. 3A, figs. S12 and S13, and note 8). In contrast, upon LBR knockdown or knockout, DLBS-Xist, or D AXist cells, there was a clear separation between the Xist-coated compartment and Lamin B1, demonstrating a >20-fold increase in distance relative to wild-type Xist (Fig. 3 and figs. S12 and S13). Thus, recruitment of the inactive X chromosome to the nuclear lamina is directly mediated by the Xist RNA through its interaction with LBR.
To determine whether LBR-mediated recruitment of the X chromosome to the nuclear lamina leads to Xist-mediated transcriptional silencing, we replaced the Xist-LBR interaction with another protein that interacts with the nuclear lamina; specifically, we used our endogenous DLBS-BoxB Xist, which fails to interact with LBR, to create an interaction between Xist and Lamin B1 ( fig. S14A ). We expressed a Lamin B1-lN fusion protein and confirmed that in cells expressing DLBS-BoxB Xist, the Xist-compartment was recruited to the nuclear lamina to a similar extent as that observed in wild-type conditions (Fig. 3,  A and B, and fig. S12 ). Tethering Xist to the nuclear lamina rescues the Xist-silencing defect observed in DLBS cells to the same extent as that observed after rescuing directly with LBRlN (Fig. 3C and fig. S14 ). Thus, Xist-mediated recruitment of the X chromosome to the nuclear lamina is required for Xist-mediated transcriptional silencing, and the function of LBR in Xistmediated silencing is to recruit the X chromosome to the nuclear lamina. We considered the possibility that recruitment to the nuclear lamina, a nuclear territory enriched for silenced DNA and repressive chromatin regulators (14, 16) , may act to directly silence transcription on the X chromosome (20, 21) . To test this, we knocked down SHARP, which fails to silence transcription on the X chromosome (11, 12, 18, 22) , and observed that the Xist-coated compartment was still localized at the nuclear lamina, demonstrating a comparable distance distribution between Xist and Lamin B1 to that observed for wild-type Xist (Fig. 3, A and B, and  fig. S12 ). Therefore, Xist-mediated recruitment of the X chromosome to the nuclear lamina does not directly lead to transcriptional silencing because the X chromosome can still be transcribed even when localized at the nuclear lamina.
Instead, we considered the possibility that LBR-mediated recruitment of the X chromosome to the nuclear lamina could reposition active genes into the Xist-coated nuclear compartment, allowing Xist to spread across the X chromosome. Indeed, the Xist RNA gradually localizes to genes that are actively transcribed before initiation of XCI (7) defect in Xist spreading to these actively transcribed regions (7, 9) . In DLBS-Xist cells or upon knockdown of LBR, we observed a strong depletion of Xist RNA localization across regions of actively transcribed genes, comparable with the defect observed in DA-Xist cells (Fig. 4, A and B , and figs. S15 and S16) (7). We found that Xist RNA localization is even more strongly depleted over more highly transcribed genes (Fig. 4B) . Knockdown of SHARP, which also binds the Arepeat, did not affect Xist localization (Fig. 4B  and fig. S15 ). Synthetically tethering DLBS-BoxB to the nuclear lamina by using a Lamin B1-lN fusion enables Xist to spread to active genes to a similar level as that observed in wild-type conditions (Fig. 4B and figs. S15 and S16).
To determine whether this spreading defect is due to a failure to reposition actively transcribed genes into the Xist-coated compartment, we measured the position of the genomic loci of three actively transcribed genes relative to the Xist-coated compartment (Fig. 4C and materials and methods, note 9). In DLBS cells or upon knockdown or knockout of LBR, the distance between the Xist compartment and the loci of these actively transcribed X chromosome genes (Gpc4, Mecp2, and Pgk1 loci) were comparable with the distance between Xist and an autosomal gene (Notch2 locus) (Fig. 4, D and E, and figs. S17 and S18). Upon knockdown of SHARP, we found that these actively transcribed loci overlapped the Xist compartment (~80% of cells) ( fig. S17) , comparable with the Xist genomic locus itself (~90% of cells) ( fig. S17 ). Because Xist can still spread to active genes upon knockdown of SHARP, which is known to be required for the exclusion of RNA PolII (11), our results demonstrate that spreading to active genes and exclusion of RNA PolII are independent functions that are both required for chromosome-wide transcriptional silencing.
Our results suggest a model for how Xist shapes the 3D nuclear structure of the inactive X chromosome to spread to active genes and silence chromosome-wide transcription (Fig. 4F  and fig. S19 ). Xist initially localizes to the core of the X chromosome territory by localizing at DNA sites that are in close 3D proximity to its transcriptional locus (7) . These initial Xist localization sites are generally inactive before Xist induction (6, 7, 9) . The Xist-coated DNA, like other chromosomal DNA regions, will dynamically sample different nuclear locations (23) and, because Xist binds LBR, will become tethered at the nuclear lamina when it comes into spatial proximity. This lamina association is known to constrain chromosomal mobility 24) and by doing so would position the Xistcoated DNA away from the actively transcribed Xist transcription locus. This would enable other DNA regions on the X chromosome, which are physically linked to these tethered regions, to be brought into closer spatial proximity of the Xist transcription locus. In this way, Xist and its silencing factors can spread to these newly accessible DNA regions on the X chromosome.
